The Waste Isolation Pilot Plant was licensed for disposal of tnnsuranic wastes generated by the U.S. Department of Energy. The facility consists of a repository mined in a bedded salt formation, approximately 650 m below the surface. Regulations promulgated by the U.S. Environmental Protection Agency require that performance assessment calculations for the repository include the possibility that an exploratory drilling operation could penetrate the waste disposal areas at some time in the fbture. Release of contaminated solids could reach the surface during a drilling intrusion. One of the mechanisms for release, lmown as spallings, can occur if gas pressures in the repository exceed the hydrostatic pressure of a column of drilling mud. Calculation of solids releases for spallings depends critically on the conceptual models for the waste, for the spallings process, and assumptions regarding driller pa.mmeters and pmctices. Thk paper presents a review of the evolution of these models during regulatory review of the Compliance Certification Application for the repository. A summary and perspectives on the implementation of conservative assumptions in model development are also provided.
Background
The Waste Isolation Pilot (WIPP) is a mined, geologic repository designed for permanent disposal of transuranic waste. The facility, located in southeastern New Mexico, was developed by the U.S. Department of Energy (DOE).
WIPP received certification for operations by the U.S. Environmental Protection Agency (EPA)in the spring of" 1998. The certification process required that the DOE demonstrate that the WIPP complies with EPA regulations [1] . Compliance with the applicable regulations was demonstrated by comparing a summation of probable releases over the 10,000-year regulatory period to an allowable standard [2] . Releases were calculated through incorporation of stochastic uncertainty in a series of performance assessment (PA) calculations included in the WIPP Compliance Certification Application (CCA).
The reposito~horizon is located approximately 650 m below the surface in a sequence of bedded salt deposits.
Potential release pathways include indirect releases via groundwater transport of contaminated fluids from the disposal areas to the regulatory boundary, and direct release of material from the repository to the surface. Disposal of wastes in salt is considered advantageous because overtime the salt will creep, closing around the waste and permanently isolating it from the biosphere. Because salt inherently has low permeability, tmnsport along groundwater pathways is severely limited. Regulations state that PA calculations must include effects of inadvertent and intermittent intrusion by drilling for resources. Evaluation of the events associated with petroleum exploration led to formulation of a set of four mechanisms whereby contaminated material could be transported born a penetrated waste panel to the surface during a drilling operation. These mechanisms constitute the only means to release waste material directly to the surface (direct releases). Direct releases consist ofl 1. cuttings, which include material intersected by the rotary drilling bi2
. cavings, which include material eroded ffom the borehole wall during drilling; 3. direct brine releases, which include contaminated brine that may flow to the'surface during drilling; and 4. spallings, which include solid material carried into the borehole during rapid depressurization of the wastedisposal region.
For each modeled intrusion, a quantitative value for release of contaminant material was calculated. Evaluation of repository performance depends on the volume of material released, and on the radioactive loading, or activity of . the contaminated material. The activi~' was estimated from that of the expected waste inventory. The probability of 2 ---. -.-.---.
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encountering a waste stream with highorlow activity was considered in the development of a summation of released materials [3] .
The CCA included a summation of direct releases to the surface and indirect releases along groundwater pathways which was significantly below the regulatory limit [2, 3] . Direct releases to the surface during an intrusion event are the most important contributor to total releases calculated in the CCA. Sensitivity analyses showed that direct releases due to spallings comprises a large fraction of these releases. This paper presents a review of the models used for calculation of spallings releases from WIPP. Peer review of the initial model found that "... this model is not adequate for predicting fiture states of the repository" [4] . Studies were then conducted to show that, although the model was not adequate for prediction of fhture states of the repository, the volume of releases predicted by this model was re&onable, a conclusion supported by the peer review panel.
CCA modeliig strategy
Understanding the WIPP scenarios requires a perspective on the repository and disposed waste. Disposal rooms are mined from the salt in a series of panels, as described by Larson [5] . Each panel consists often rooms, and will be filled with waste and magnesium oxide (MgO) backfdl material. Waste destined for disposal at WIPP consists of diverse materials. Table 1 summarizes the relative amounts of waste types and backfill material.
Although the incumbent salt formation has relatively little water, field evidence suggests that some brine will flow into waste areas from the host rock following disposal. This moisture could, in turn, cause comosion of steel drums and iron-based materials within the waste containers. Hydrogen gas will be generated by this reaction [6] .
Cellulosics, rubbers, and plastics could undergo microbial degradation, producing additional gases within the repository [7] . The CCA PA calculations predicted gas pressures at the repository horizon could reach Iithostatic pressure of 14.8 MPa within the regulatory period [8] .
Fig. 1 presents a schematic of waste evolution over the regulatory period. This schematic was based on several assumptions regarding future processes. The volume of brine in a disposal room was assumed sufficient to generate steel corrosion. Possible sources of brine to the repository include seepage tlom the host roclq upward flow from a punctured brine reservoir below the reposito~, and downward flow of brackish groundwater via a plugged explomtory borehole [5] . It was kther assumed that the backfill material (MgO) functions only as a sink for carbon dioxide g'&generated as a consequence of microbial degradation otherwise, it was otherwise assumed inert. Creep
.
closure of salt into disposal rooms was assumed to cause container rupture, thus exposing waste directly to fluids present in the repository.
The modeling strategy applied to human intrusion scenarios at the WIPP incorporates conceptual models of the waste, the drilling process, and the incumbent host rock. A review of scenario development and implementation of direct releases at WIPP shows that models included the following four assumptions:
1. waste rooms and panels are hydraulically connected 2. waste properties are analogous to a weakly consolidated, particulate material;
3. transient wellbore processes can be neglecte~and 4. drilling of exploratory wells in the vicinity of WIPP will continue at present-day rates and current technology Performance assessments for the CCA were conducted through calculation of three replicate data sets, comprising 100 vectors each. Uncertainty in conceptual models and model parameters was captured through random variation of these values within a prescribed distribution in each vector set [3] . The stochastic approach to parameter and model variation does not lend itself to simplistic analysis. However, this metlod filly incorporates the range of uncertainty for WIPP performance and was considered acceptable by the regulator. (Helton et al. [3] and other papers contained in this special journal issue [4, 5, 8, 9, 10, 11, 12 ] present a complete discussion of the stochastic approach and system sensitivity.) Results of the PA were presented in the CCA as sets of calculations.
The PA modeling assumptions led to the boundary conditions for the spallings model. Current practice in the vicinity of WIPP utilizes brine as the drilling mud through the salt regions [9] . Spalling was assumed to occur if repository pressure exceeds the hydrostatic pressure of a column of drilling mud, or about 8 MPa [11] . Stoelzel et al.
[11] (in this issue, their Fig. 3 ) shows a representative drilling configuration. All direct release models for WIPP assumed that the drill sting remained in the drillhole; transport to the surface was limited to the annular volume between the edge of the drillhole and the drillbit or drill collars.
Because the waste panels were assumed to be hydraulically connected, the entire gas storage volume of the disposal area was accessible to a drillhole penetrating the repository horizon. In the petroleum industry, production of solids ilom a formation is generally divided into two categories: dynamic response due to a gas kick during exploratory drilling [13] , and steady-state production of solids from a producing formation [14] . The CCA model for spallings assumed that the dynamic response of the system could be included in the results of an end-state model [12] .
Laboratory experiments of a simulated blowout [ 15] conducted using damp sand as a waste surrogate material led to formulation of a mathematical model for spallings [12] . Results indicated that production of solids would cease under steady-state conditions. However, a review of relevant literature [16] shows that continuous sand production is a common problem in petroleum reservoirs producing from a weakly consolidated formation.
The CCA conceptual model of the waste was derived from assumptions that degradation processes will dominate waste evolution, and that such processes result in fme-grained particulate material. The lower bound on particle size was determined by the corrosive reactions, which are considered likely to produce particles on the order of a few tens of microns in diameter. The annular space between a drill bit and the drillhole, approximately 2.5 cm, was used to set the upper bound on particles which could be transported to the surface. Waste particle size in CCA calculations varied from 40 pm to 2.5 cm.
[12].
Peer review of the CCA model
Federal re~lations governing the WIPP specifi that the conceptual models in the CCA must undergo peer review [1] . A Conceptual Model Peer Review Panel (CMPRP) was convened to ensure that the conceptual models used in the WIPP PA reasonably represented possible finure states of the disposal system [4] . A team of peer review panels covered a total of 24 conceptual models used in the CCA. The conceptual model for spallings was found to be without "an adequate basis for determining that the Spallings model was either reasonable or conservative" [17] .
Principal concerns of the CMPRP related to an apparent mismatch between the mathematical model of spallings and the experimental results [4, 17] . Blowout experiments resulted in limited ejection of solids from the experimental apparatus. Although the damp, fine-grained sands used in the experiments were uncemente& parameter fitting exercises determined that the empirical factor for capillary forces was exactly zero, in spite of the presence of
moisture. This result, which was dil%cult to interpret within the confines of the assumed mathematical model, led to uncertainty regarding the fimdamental assumptions of the model. The finding of zero influence due to capillary forces contradicted independent experimental and field results [14, 16] which indicate that capillary forces do influence solids production in a flowing well.
The CMPRP was also concerned about the assumed physical properties of the degraded waste, particularly with regard to the selected value for waste cementation. A constant value of 1 psi (6895 Pa) was assumed to represent the lower bound for waste strength. This parameter value was selected absent any experimental data on the characteristics or cohesive nature of degraded waste materials. The laboratory experiments using uncemented, damp sand as an analog material for degraded waste represented the sole source of data used to validate the model.
Predicted releases using the CCA model were sensitive to variation in the waste cementation parameter, as shown in Experiments and analyses conducted following submi~l of the CCA focused on three objectives. The fwst objective was rigorous evaluation of waste character. The second was to conduct experiments, analyses, and analog comparisons that would result in a mechanistically based conceptual model for span, and that incorporated appropriate physical properties for the waste. The third objective was to demonstrate tha~despite some technical concerns, the quantitative volumes for spalling presented to the CMPRP were, in fact, reasonable. The means employed to accomplish these objectives are presented in the following sections.
Waste evolution and character-A new perspective
Waste character at the time of a hypothetical drilling intrusion governs the volume of material available for release to the surface. This fimdamental component in the spallings model was rigorously evaluated from the
perspectives of geomechanics, chemis~, and hydrology. In addition to a qualitative description of waste evolution, suitable surrogates were developed so that mechanical properties could be experimentally derived.
Changes within the first 100 years following disposal will be dominated by the ability of the incumbent host rock to creep into the disposal areas, thereby compacting the waste. Room closure during these early years will proceed at a rate sufficient to compact the waste rooms from the original height of 4 m to approximately 2 m [18] . Additional processes, including hydration of MgO bactilll, and the presence of even small quantities of moisture will lead to a degree of cementation of some waste constituents. The corrosion of ferrous metals, aluminum, copper, and lead, and microbially induced destruction of cellolosic materials may lead to gas generation and a decrease in grain size of the initial waste constituents. Timing and rates of waste degradation, compaction, and cementation processes influence the evolution of the underground setting [19] .
Considerable uncertainty exists in the degree of corrosion that might precede a span event. As described by Helton et al. [3] the predicted fraction of iron tmcorroded in the waste areas for 100 realizations for undisturbed conditions varied from 40°/0to 10OO/O. This result showed that at most 60% of the available iron could be corroded under undisturbed conditions. When a boreho~e intrusion occurs that also penetrates a Castile reservoir underlying the repository (i.e., the El intrusion described by Larson [5] ) a greater volume of brine could flow into the repository leading to corrosion of all of the iron available in the disturbed panel. However, for E 1 scenarios, repository pressures following the intrusion event rarely exceeded 8 MPa, which was too low for a span event. The most probable conditions for a span event coincide with scenarios in which less than 60°/0of the iron was corroded.
Uncertainty in the degree of waste degradation led to formulation of various degradation scenarios [20] . Upon consideration of PA results, four degradation scenarios were proposed. These scenarios assumed partial to complete degradation of the initial waste inventory presented in Table 1 . Two scenarios incorporated MgO backi311in the surrogate materi~ls, and two scenarios neglected these effects. Waste surrogate specimens were selected for scenarios that did not include cementation effects due to salt precipation or other chemical reactions within the waste. This was consistent with the assumption that the backfW acts only as a sink for carbon dioxide gas and was otherwise inert. A comprehensive description of surrogate material development and testing is found in Hansen et al.
[19] and in Hansen and Mellegard [21] .
Maintaining an approach consistent with the CCA conceptual model of the waste, samples selected for derivation of material properties testing focused on maximally degraded sumogates. This approach ensured that any
cementation effects would represent the lower bound of waste strength and cohesion. As noted by Papenguth and Myers [20] , these surrogates were not considered representative of the average waste condition. Specimens prepared represented the most extreme degradation scenarios for the waste. Table 2 summarizes surrogate materials.
Surrogates were mixed and compacted in a test machine. Because more than 50'%. of metals in the waste inventory will be present at the time of a spalling event, the waste will consist of a heterogeneous mixture of partially degraded inventory interspersed with pockets of fmer-grained material similar to the waste surrogate specimens. Detailed chamcterization of the average strength of the blocky material present in the underground represents an enormously difficult task. However, use of the experimental values derived from the waste surrogates was easily defended as a lower bound of waste strength. A large suite of mechanical and hydrological properties tests were completed, and results are summarized in Hansen and Mellegard [21] . The tensile strength of saturated waste surrogates was on the order of 10 psi (68,950 Pa), more than ten times smonger than the generic waste strength of 1 psi assumed for the CCA. Measured permeability and porosity of the waste surrogates were 10-15mz and 0.2, respectively. These values differed from those assumed for the CCA, in which a constant permeability of approximately 10-13mz was assumed.
Porosity of the waste reduces from approximately 0.85 at the time of disposal to as low as about 0.2 due to compaction by salt creep processes. Because CCA models assumed that salt creep slows when repository pressure rises, a porosity of 0.6 was predicted in the waste areas for a high-pressure scenario (i.e., greater than 14 MPa [8]).
Although these values for permeability and porosity differed from those derived iiom waste surrogate experiments, they were considered consistent with expected conditions in the repository. As previously discussed, development of surrogates focused on fully degraded materials, although intrusion into a pressurized panel correlates to a panel containing a significant percentage of undegraded material. Thus, the surrogates represented those areas of extensively degraded waste. The remainder of the panel should consist of compacted waste containers interspersed with pbckets of densely packed degraded material and backfill, with a buik porosity on the order of 0.5 to 0.6. The mechanistic model developed for calculations and presented to the CMPRP assumed waste penneabili~would be on the order of 10-13m2and porosity would be within the range of 0.5 to 0.6.
Having defined a set of baseline properties for the waste, a means to calculate the response of the repository to a drilling intrusion was required to filfill the second objective of these studies. In accordance with CMPRP recommendations, this response was based on a mechanistic approach to the spallings process. Gas flow within and born the repository was calculated using two semi-analytical methods. These methods solve the one-dimensional (spherically symmetrical) compressible flow equations in two ways. The fmt method calculates gas flow as a series of steady states using solutions developed by Chan et al. [22] for one-dimensional . isothermal gas flow. The second method implements a numerical solution for the one-dimensional transient gas flow equations.
Consistent with CCA assumptions, the fluid flow calculations assumed that the flowing gas was hydrogen, and assumed ideal gas behavior. The bottomhole pressure in each scenario was calculated by equating mass flow from the reposito~with that up the borehole, taking account of the mud flow out of the hole.
The calculation of total stress in the waste as depicted in Fig. 4 was based on the static response of a hollow elastic sphere [23] that is subject to both mechanical loading and pore pressure effects as follows: 
. The coefficient n is 2 for cylindrical geometry and 3 for spherical geometry. Calculations used for spallings evaluation used a hemispherical geometry. The inner sphere was subjected to the bottomhole pressure. The outer surface was subject to the fhr-field pressure, which was lithostatic pressure at the time of the intrusion. A tensile failure criterion was assumed, whereby waste material experiences material failure when tensile stresses exceed a specified strength parameter. The nature of failure was not addressed in the model, nor was transport of solid material to the surface. These processes require additional theoretical and computational capabili~. Instead, it was assumed adequate to compare the volume of waste material likely to experience tensile failure to the solids releases predicted by the steady-state CCA model.
Calculated resul~are most easily summarized through evaluation of the effective radius of waste material assumed to fail in tension.~example is shown in Fig. 5 . This plot depicts the transient radius of a failure zone for a repository gm pressure of 14.5 Mpa, and a tensile strength of 10 psi (68,950 Pa) using the fully transient gas flow equations to calculate pore pressure gradients. Plots of the pore pressure and stress gradient calculations using the quasi-static method are depicted in Fig. 6. A summary of the volume of waste material likely to experience tensile failure during a spallings event is depicted in Fig. 7 . This plot was based on several assumptions. Principal among these was that the tensile strength of the material was bounded by the experimental results on fine-grained waste surrogates. The response of the waste to tensile failure was assumed to result in particulate solids, which were transported immediately to the surface. Driller response during a gas kick was neglecte~no control of the well was assumed. The ability of the flowing gas to transport solids to the surface was also not considered in this analysis. Releases predicted in the CCA [2] do not rely on these processes. For consistency, driller control and solids transport were ignored in the mechanistically based model.
Confidence in the volume of material that could be spalled was obtained through comparison with industrial analogs. The closest analog to the WIPP spallings scenario is a technology used to enhance gas production from coal seams [13] . This technique entails overpressurization of the coal seam, followed by a sudden release of gas pressure, thereby producing large seepage forces. Production of material from the formation is carefi.dly monitored, and the final cavity size is measured. Conditions present h the coal seam cavitation technology are similar to those implemented in the mechanistically based model for spalhngs releases at WIPP. Comparison of the coal seam cavity size and results presented in Fig. 5 , as described in Hansen et al. [19] , established that calculations using the mechanistically based approach were reasonable.
Comparison of results with CCA model
Results derived from the mechanistically based model showed that for repository gas pressures below 14 MPa, the tensile failure radius predicted was only minimally larger than the radius of the intruding drillstxing. This meant that a summation of all releases predicted using the mechanistically based model would be smaller than the summation derived when using the end-state model [12] . Values calculated using the end-state model ranged from
0.25 to 4 m3 [12] . For the mechanistically based model, the volume assumed to fail in tension when repository pressure exceeded 14MPa was within this range. If model assumptions are modified to include plastic deformation leading to formation of stable arches, energy available to transport solid waste to the surface, driller control and processes leading to a more realistic conceptual model of the waste, additional reduction in predicted spaMngs release volumes are expected.
In terms of compliance with EPA regulations, a comparison of the potential spallings release volumes calculated by the mechanistically based methods to those predicted in the CCA also required consideration of the probability of specific conditions required for a spallings release. For example, the probability that gas pressures in the waste could exceed 14 MPa was about 1'%o [19] (Appendix E, referenced document). Using the probabilistic approach~], it is clear that the cumulative releases due to spallings predicted using the mechanistically based model would be much smaller than those presented in the CCA.
Experimental results for surrogate waste properties, presentation of computed volumes using the mechanistically based approach, and analog information were presented to the CMPRP in April, 1997. On the basis of these results, the panel concluded that the "predicted volumes presented in the WIPP CCA are reasonable" [24] .
Perspectives on spallings releases in the CCA
The conceptual model for spallings presented for peer review, and included in the WIPP CCA, was considered adequate by its authors because of the conservatism inherent in the model for waste evolution. The simple model of waste as a granular material eliminated the need for complex analyses and experiments regarding transient processes within the disposal area. Defensibility of the conceptual model was straightfonvard, and numerical implementation was easily accomplished. Experimental results of a simulated spalling event indicated that releases were selflimiting. Taken together, these arguments would lead to the conclusion that the spallings model was acceptably
simple, yet conservative. However, a review of the literature [16] on sand production in oil wells would have revealed a weakness in the overall argument. Industry experience indicates that solids production is not always selfIimiting for a weakly consolidated formation. While the conceptual model of waste as a granular material remains conservative, a project review of the consequences of this conservative assumption would have pointed out the overall model weakness prior to the peer review process. This weakness of the CCA spalling model was detected during peer review, and additional experimental evidence was generated indicating that direct releases based on a more realistic concept of the waste form would not exceed the values predicted using the end-state model.
Consideration of peer review concerns led to reevaluation of the fi.mdamental models of waste character and the mechanics of an inadvertent drilling intrusion into WIPP. In response to these concerns the project assumed that characterization of waste form and evolution represented a feasible exercise. This characterization followed directly from known physical processes regarding waste degradation. Inclusion of realistic chemical and physical processes in the degradation pathways resulted in development of expected waste evolution scenarios. This approach successfully eliminated the scenario that waste will degrade to a granular, non-cohesive medium.
The mechanistically based model for the spallings process addressed the peer review panel's concern that the fimdarnental physics of the event must also be evaluated. Calculation of system response is an important task convincing arguments were made on the basis of experimental data, analog information, and quantification of the processes included in the mechanistically based model. These activities consume significant resources within the program, and inherently rely on waste properties derived using bounding models of the waste. ...". T -.7 -:-. %,t.~.
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